Multiple extracellular mitogens are involved in the pathogenesis of proliferative forms of glomerulonephritis (GN). In vitro studies demonstrate the pivotal role of extracellular signal-regulated kinase (ERK) in the regulation of cellular proliferation in response to extracellular mitogens. In this study, we examined whether this kinase, as a convergence point of mitogenic stimuli, is activated in proliferative GN in vivo. Two different proliferative forms of anti-glomerular basal membrane (GBM) GN in rats were induced and whole cortical tissue as well as isolated glomeruli examined using kinase activity assays and Western blot analysis. Administration of rabbit anti-rat GBM serum to rats, preimmunized with rabbit IgG, induced an accelerated crescentic anti-GBM GN. A significant increase in cortical, and more dramatically glomerular ERK activity was detected at 1, 3, and 7 d after induction of GN. Immunization of WistarKyoto rats with bovine GBM also induced a crescentic anti-GBM GN with an increase of renal cortical ERK activity after 4, 6, and 8 wk. ERK is phosphorylated and activated by the MAP kinase/ERK kinase (MEK). We detected a significant increase in the expression of glomerular MEK in the accelerated form of anti-GBM GN, providing a possible mechanism of long-term activation of ERK in this disease model. In contrast to ERK, activation of stress-activated protein kinase was only detectable at early stages of proliferative GN, indicating these related kinases to serve distinct roles in the pathogenesis of GN. Our observations point to ERK as a putative mediator of the proliferative response to immune injury in GN and suggest that upregulation of MEK is involved in the long-term regulation of ERK in vivo. ( J. Clin. Invest. 1997. 100:582-588.)
Introduction
Cellular proliferation accompanies a wide variety of renal diseases. This is especially true for proliferative forms of glomerulonephritis (GN). 1 Renal mesangial cells, glomerular epithelial cells as well as leukocytes are thought to account for the hypercellularity in proliferative GN. A major focus for research into the pathogenesis of GN has been to define extracellular growth promoting factors that induce mitogenesis in the glomerulus in the course of GN. Several cytokines have been implicated in the pathogenesis of proliferative GN and are thought to account for hypercellularity. Cytokines implicated include: PDGF, TGF-␤ , IL-1, IL-6, and TNF (1) . A common feature of these stimuli is their ability to activate extracellular signal-regulated kinase (ERK) in vitro in a variety of cell lines (1) (2) (3) (4) (5) (6) (7) . Since ERK is known to be an intracellular check point of cellular mitogenesis, ERK activation might be a crucial mediator of cellular proliferation in renal diseases mediated by the extracellular stimuli listed above. ERK, the best described mammalian mitogen-activated protein (MAP) kinase, belongs to the group of serine/threonine kinases and regulates the expression of many genes by phosphorylation of several transcription factors namely c-myc , NF-IL6, Stat, c-Jun, ATF2, and ELK-1 (8) (9) (10) (11) . Binding of extracellular stimuli to G-protein coupled receptors or proteintyrosine kinase receptors induces the formation of GTP-Ras, which in turn induces the sequential activation of cytoplasmic protein kinases leading to phosphorylation and activation of MAP kinase/ERK kinase (MEK) (9) . MEK, the specific activator of ERK, is a dual specificity protein kinase that phosphorylates both threonine and tyrosine regulatory sites in ERK (12) . Studies that use dominant interfering mutants or constitutively active mutants of kinases of the ERK cascade established the pivotal role of this signaling pathway in the control of cellular proliferation (13) (14) (15) (16) . Although an extensive body of data describes the ERK cascade in vitro little is known about the role of ERK in physiologic or pathophysiologic conditions or its activation in vivo.
In the present study, we examined the activation of ERK in proliferative GN in rats and in addition investigated potential mechanisms of its regulation. We demonstrate a rapid and sustained activation of ERK in an accelerated heterologous as well as in an autoimmune model of anti-GBM antibody-induced crescentic GN and show an upregulation of MEK protein levels in the former. This upregulation of the upstream kinase of ERK might be an underlying mechanism to the observed activation of ERK. Therefore, the present study provides new insights into the role of ERK in vivo and suggests that activation of the ERK cascade is linked to the cellular proliferation accompanying crescentic GN. Induction of accelerated proliferative GN. Male Sprague-Dawley rats weighing 180-200 g were immunized intraperitoneally with 1 mg rabbit IgG emulsified in complete Freund's adjuvant and given as a total volume of 0.5 ml. 5 d after this immunization, animals were injected in the tail vein with a subnephritogenic dose of rabbit immune serum raised against rat particulate GBM (17). This dose of anti-rat GBM serum (0.15 ml/100 g body wt) was insufficient by itself to cause significant proteinuria when given to rats not preimmunized with rabbit IgG (subnephritogenic). The intravenous injection of the anti-rat GBM serum was repeated 24 h after the first injection. The rabbit antirat GBM immune serum was heat inactivated and filtered through 1.2-m filters before each intravenous injection. Control rats were preimmunized with rabbit IgG in complete Freund's adjuvant and subsequently given two intravenous injections of nonimmune rabbit serum. Studies were performed on days 1, 3, and 7 following the second injection of anti-rat GBM serum or of nonimmune rabbit serum. The day before killing animals were placed in metabolic cages for urine collection to assess urinary protein excretion. Upon completion of this collection, animals were killed and nephrectomized. A renal cortical section was obtained for light microscopy using routine methods of fixation and processing. Another cortical section was directly lysed in Triton X-100 buffer while the rest of the cortical tissue ( ‫ف‬ 80% of the whole cortex) was used to generate a preparation of glomeruli using standard sieving methods (18) before lysis in Triton X-100 buffer.
Methods

Materials
Leukocyte depletion studies. Glomerular leukocytes were depleted by the use of a whole animal x-irradiation protocol as previously described (19) . Specifically, animals were subjected to 250 Kvp orthovoltage x rays with a half value of 1 mm Cu at a dose rate of 133 rad/ min for a total dose of 900-1100 rad using parallel opposed fields. Kidneys were shielded with 6-mm thick lead blocks that covered the kidneys within 5-mm margins. Dosimetry was done in a plexiglass phantom using a Farmer-type ionization chamber. The effect of x-irradiation was assessed on peripheral leukocyte counts, determined by an automated hematology analyzer, 2 and 5 d after x-irradiation. After preimmunization, as described above, rats were x-irradiated 24 h before the first injection of anti-GBM antiserum or normal rabbit serum. Thereafter, animals were treated as described above.
Induction of an autoimmune model of proliferative GN. Male Wistar-Kyoto rats weighing 260-300 g were subcutaneously injected at multiple sites over the posterior neck with 130 mg wet wt of bovine GBM homogenate (20) , diluted to a volume of 0.4 ml in 0.9% normal saline, and then emulsified with 0.4 ml complete Freund's adjuvant to a total volume of 0.8 ml. The rats were subsequently injected intradermally at a separate site with 50 l of pertussis toxin (5 ϫ 10 9 cells). Control animals received the injections of complete Freund's adjuvant, without bovine GBM, and of the pertussis vaccine. Rats were killed 4, 6, and 8 wk postinjection and whole cortical tissue processed as described above.
Western blot analysis. Whole cortical tissue or isolated glomeruli were homogenized in 2 ml of Triton X-100 lysis buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 mM PMSF, 0.1 mM sodium orthovanadate) at 4 Њ C. After incubation for 5 min, lysates were centrifuged at 4 Њ C for 15 min at 10,000 g . The soluble lysates were mixed 1:4 with 5 ϫ Laemmli buffer and heated for 5 min at 95 Њ C. Soluble lysates (30 g) were loaded per lane and separated by SDS-PAGE using 4 and 10% acrylamide for stacking and resolving gels, respectively. Protein was transferred to nitrocellulose (pore size: 0.45 m, Schleicher and Schuell, Keene, NH) and probed with polyclonal antibodies against the COOH-terminal peptide of either p42 ERK (21), p46 SAPK (Santa Cruz Biotechnology) or with monoclonal antibodies against MEK-1 (Transduction Laboratories, Lexington, KY). The primary antibodies (diluted 1/1,000) were detected using horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG or HRP-conjugated protein A and visualized by Amersham ECL system after extensive washing of the membranes.
Kinase activity assays. 200 g of soluble lysates (as described above) was incubated for 90 min with 2 l of polyclonal antibody recognizing p42 ERK (21) or 2 g of polyclonal antibody recognizing p46 SAPK. Immune complexes were adsorbed to protein A-sepharose, washed twice with lysis buffer and twice with kinase buffer (10 mM MgCl 2 , 20 mM Hepes, pH 7.4, containing 200 M Na-orthovanadate) and resuspended in 60 l of kinase buffer containing 50 M ATP, and 5 Ci [ ␥ -
32 P]ATP. The final reaction buffer also contained 15 g of myelin basic protein (MBP) or 4 g of GST-ATF2 for ERK or SAPK activity assay, respectively. The reaction was initiated by incubation at 30 Њ C for 15 min. Thereafter, 20 l of 4 ϫ Laemmli buffer was added to terminate the reaction and samples were subjected to SDS-PAGE.
Results
Activation of ERK in two independent models of proliferative GN. Cellular proliferation is a characteristic feature of crescentic GN. We evaluated the in vivo activity of ERK both in the renal cortex and in isolated glomeruli in two models of crescentic GN. Sprague-Dawley rats preimmunized with rabbit IgG and subsequently injected with rabbit anti-rat GBM antibodies developed an accelerated GN with heavy proteinuria detected as early as 1 d after the anti-GBM antibody injections (Fig. 1 ). There were prominent lesions of proliferation and crescent formation as early as day 3 (Fig. 2, A and B ) and marked hypercellularity with prominent crescents at day 7 ( Fig. 2 C ) . Most animals died by days 9-11. We examined the activation of ERK at days 1, 3, and 7 in whole cortical tissue as well as in isolated glomeruli. We used anti-ERK Western blot analysis that separates unphosphorylated from phosphorylated protein forms (bands with delayed mobility indicate phosphorylated ERK) as well as immunocomplex ERK activity assays, to detect a significant increase in the activation of this kinase at day 1 with even greater increases at days 3 and 7 ( Fig.  3 A ) . Quantification of MBP phosphorylation by ERK immu- noprecipitated from cortical tissue revealed a 2.6-and 3.3-fold increase in activity in the rats injected with anti-GBM and studied at day 3. More significantly, in isolated glomeruli an even more pronounced increase in ERK activity 5.4-and 7.5-fold was detected on day 3, indicating that the glomeruli were the major source of the increased cortical ERK activity in anti-GBM GN (Fig. 3 B ) . These results are in agreement with the histological finding that glomeruli rather than the interstitium were the areas with prominent lesions (Fig. 2, B and C ) . The data shown in Figs. 2 and 3 were reproduced in an independent experiment with one control and two experimental animals.
To examine whether the described changes in ERK activity occur in other forms of anti-GBM antibody associated proliferative GN, we used an autologous model of proliferative anti-GBM GN in Wistar-Kyoto rats immunized with bovine GBM. In this form of the disease we observed progressive development of proliferation and crescent formation as previously described (20) (Fig. 4 A ) . Affected animals developed severe proteinuria 4 wk after immunization with bovine GBM and this was maintained throughout the course of the study (8 wk). We examined activation of ERK in whole cortical tissue and detected, as shown in Fig. 4 B , a significant activation of ERK (5.0-and 6.3-fold increases in activity were evident at 4 wk). This finding supports ERK activation as a common feature of two distinct models of proliferative anti-GBM GN.
As both models, in particular the accelerated form of anti-GBM GN, are characterized by prominent glomerular infiltration by activated macrophages, we addressed the extent to which infiltrating macrophages contribute to the activation of ERK observed in the accelerated model of anti-GBM GN. 5 d after total body x-irradiation, the levels of circulating leukocytes were reduced to levels below 500 cells/ml, indicating the development of bone marrow depletion. As shown in Fig. 2 , the proliferative lesions were notably absent in x-irradiated animals studied 3 d following injection of anti-GBM serum (compare Fig. 2 D with Fig. 2 B ) . Furthermore, only moderate proteinuria was detectable in these animals ( Fig. 1 ). This mild nephropathy was accompanied by a marginal increase in ERK activity in isolated glomeruli (1.2-and 2.2-fold) compared with the control x-irradiated animal (Fig. 5) .
Induction of MEK expression in proliferative anti-GBM GN.
We (22) and others (23) have previously suggested that an upregulation of MEK protein levels, the upstream kinase of ERK, to be important in the long-term regulation of ERK in cultured glomerular mesangial cells. To examine whether this mechanism is also involved in regulating ERK activation in vivo, we assayed MEK protein by Western blot analysis in the accelerated form of anti-GBM serum induced proliferative GN. As shown in Fig. 6 , the changes of MEK protein levels in whole cortex samples were not significant. However, in isolated glomeruli, there was a dramatic increase in MEK protein in rats injected with anti-GBM antiserum. Thus, in a manner similar to ERK activation, MEK protein levels were found elevated principally in glomeruli.
The dual specificity phosphatase MAP kinase phosphatase-1 (MKP-1) has been implicated in the inactivation of ERK in vitro (11, 24, 25) . MKP-1 is capable of dephosphorylating both regulatory tyrosine and threonine residues on ERK (24). To assess whether changes in MKP-1 accompany those of ERK in the course of anti-GBM disease, we used two different anti-MKP-1 antisera (26, 27) for immunoprecipitation and Western blot analysis of MKP-1 expression. No significant levels of MKP-1 were detected in either whole cortical tissue or isolated glomeruli (data not shown).
Activation of stress-activated protein kinase at early time points of anti-GBM GN. Stress-activated protein kinase (SAPK) is a recently described mammalian MAP kinase. Little is known about the physiological relevance of SAPK. However, SAPK has recently been suggested to play a role in the induction of cellular apoptosis (28) . In cultured cells SAPK can be activated by a wide variety of intra-and extracellular stress stimuli (11) as well as primary inflammatory cytokines such as IL-1 (29) or TNF-␣ (30) that are implicated in the pathogenesis of proliferative GN. As shown in Fig. 7 , we detected in isolated glomeruli activation of SAPK at days 1 and 3 after injection of anti-GBM serum but no significant SAPK activation at day 7. Measurements in whole cortical tissue did not show significant changes of SAPK activity, pointing to the glomeruli as the major site of SAPK activation during early stages of proliferative GN. The difference in the time curves of ERK and SAPK activation suggests these kinases play different roles in the pathogenesis of proliferative GN.
Discussion
In cultured cell lines mitogenic stimulation by various extracellular agonists correlates with activation of ERK (11) . More important dominant negative interfering mutants of Ras or Raf-1, components upstream of MEK in the ERK signaling cascade, were shown to inhibit growth factor induced cell proliferation (13, 31) , whereas constitutively activated Raf-1 induces cell proliferation (13) . Furthermore, dominant negative or constitutively active mutants of MEK inhibit or accelerate cell proliferation of NIH3T3 cells, respectively (14, 15) , and constitutively active MEK has been shown to induce cellular transformation (32) . Finally, catalytically inactive mutants of ERK and its antisense cDNA inhibit proliferation (16). These data point to the pivotal role of the ERK cascade in the control of cellular proliferation. However, most of our current knowledge about the regulation and physiological relevance of the MAP kinase ERK has come from in vitro studies using cultured cells. In this regard, activation of ERK in proliferative GN, as shown in the present study, is a novel finding and points to ERK as a putative regulator of the proliferative response to immune injury in vivo. This conclusion is further supported by recent data, demonstrating an increase in ERK activity in tissue samples of human renal cell carcinoma (33) . Cellular proliferation is thought to be pivotal for the development of crescent formation and progression of proliferative GN to end-stage renal disease. The proliferative response to injury in GN may be augmented by a convergence of multiple cytokines on ERK, inducing its activation. Since inhibition of ERK in cultured cells potently diminishes cellular proliferation, it is tempting to speculate that an inhibition of ERK activation in vivo could limit the extent of glomerular cell proliferation in proliferative GN, thereby providing a novel strategy for the treatment of rapidly progressive forms of GN.
Our observations indicate that infiltrating macrophages significantly contribute to the enhanced ERK activity in proliferative GN, since macrophage depletion using total body x-irradiation potently inhibited the progression of proliferative GN and significantly inhibited the activation of ERK. The release of multiple cytokines by infiltrating macrophages is thought to be a pivotal step in the pathogenesis of proliferative GN (34) . Therefore, it is tempting to speculate that either infiltrating macrophages themselves are a cellular site of ERK activity or macrophages are causing the activation of ERK within intrinsic glomerular cells in a paracrine manner. Furthermore, these experiments employing total body x-irradiation demonstrate a close correlation of the extent of renal damage to the activation of ERK in proliferative GN.
Binding of cytokines to their receptors induces the interaction of multiple intracellular signaling molecules and sequential induction of cytoplasmatic protein kinases leading to the activation of the highly conserved MEK-ERK module. Recent in vitro studies suggest that the protein levels of MEK are tightly regulated and are involved in the long-term regulation of ERK (22, 23). The present study demonstrates an upregula- tion of MEK protein levels in rats with experimental proliferative GN, thereby increasing the amount of MEK protein available for phosphorylation and activation by the upstream kinase Raf. The elevation of MEK protein levels was accompanied by increased ERK activity. It is therefore likely, that the elevated MEK protein levels are contributing to ERK activation in vivo.
Another molecule directly involved in the regulation of ERK is the MAP kinase phosphatase-1 (MKP-1), capable of dephosphorylating and inactivating ERK in vitro (11, 24) . However, we did not detect significant levels of MKP-1 expression or changes in MKP-1 expression during the time course of either model of proliferative GN. These data suggest MKP-1 not to take part in the regulation of ERK in the presented experimental setting. Recently, MKP-1 has been implicated in a very early phase of anti-GBM GN (35) . Injection of anti-GBM antibodies to rats induced an increase in MKP-1 expression as early as 30 min, that returned to basal levels after 24 h (35) . In the present study we measured MKP-1 expression no earlier than 24 h following induction of anti-GBM disease and detected therefore in accordance with the study mentioned above (35) , no increase in MKP-1 expression.
The physiological relevance of the recently described MAP kinase SAPK remains to be established. The SAPK signaling cascade like the ERK pathway displays a high level of evolutionary conservation (11) . In the present study we found activation of SAPK with a time course different to that of ERK activation. This indicates that these two MAP kinases may play distinct roles at different stages of proliferative GN. SAPK activation was detected only on days 1 and 3 after induction of accelerated proliferative GN. This implicates SAPK only at early stages in the pathogenesis of this disease model. Recently, mesangial cell apoptosis was shown to occur during anti-Thy1 GN and suggested to account for the resolution of glomerular hypercellularity in this disease model (36) . However, apoptosis did also accompany the proliferative phase of anti-Thy1 GN (36) . Since activation of SAPK has recently been implicated in the induction of apoptosis (28), the observed SAPK activation might account for a similar induction of apoptosis in proliferative GN. However, further studies will be needed for a better understanding of the role of SAPK in crescentic GN.
In conclusion, the present study provides new insights into the pathophysiology of proliferative GN. Activation of the MAP kinase ERK points to ERK as a regulator of cellular proliferation in proliferative GN. Moreover, upregulation of MEK protein levels suggests that this kinase is involved in the long-term regulation of ERK in the course of GN. 
